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Colloids, particles smaller than ten microns in diameter, are ubiquitous iauthsurface Colloids

have areffect onthe transport of contaminants that bind to their surfaces, asahreducethe
permeability of aquifer materials through depositic®me microorganismsincludingpathogensare
also transported in the subsurface adloids The study of colloid transport behavior is important to
the improvement of contaminant transport predictions, and thus to the protection of water quality.
Imaging technologies provide detailed spateinporal concentration data not obtainable by

traditional methods, which rely on the collection and analysis of water samples at discrete locations.

A quantitative, lighttransmission imaging system was developed for the observation of solute and
colloid transport in a chamber containing porous medialti-spectral LEDs and higfuality optical
filters were used with a sensitive chargeupled device camera to obtain images of a 47x57cm sand
pack containing two fluorescent tracerslisodium fluorescein and refiuorescent latex colloids. The
properties of the optical components, and the selection of tracers, were optimized to allow for
collection of data on three distinct properties of the system in time and spacater content,
fluorescein concentration, and colloid concentration. An image processaimique was developed

to normalize collected images and to remove noise. The system was calibrated through comparison of



processed intensities with known fluorescein and colloid concentratiQusintificationwas possible
over the concentration range Tao 102ppmfor fluorescein, and 10to 103ppm for colloids. This wide
range of detection and the very low detection limits were made possibl&ééymprovement in the

signalto-noise ratio that resulted from system development.

Experiments were conducted to demonstrate the utility of this method to observe and quantify
fluorescein and colloid transport. Model predictions compafaebrably with collected dataver

multiple data sets, each containing approximately 300 data poidtloid transport was reasonably fit

by the advectiordispersion equation using a retardation factor and a foster deposition coefficient

to represent colloid interactions witthe sand surface. In some cases, accurate description of colloid
transpot will require a more detailed parameterization of colloid dynamics that was beyond the scope
of this work. Data presented in this thesis however demonstrate the power of this system to provide
insight into the fate and transport of fluorescein and colfid porous media. These ights facilitate
prevention ofgroundwater pollution by colloidal contaminants, and contribute to effective design of

remediation strategies for colloidontaminated environments.
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3.1 Lighttransmission imaging system attenuation diagram. Three hypothetical fluorescent dye
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light from the light source is shown on the left side of the fluorescent dye molecules. Emission
light is shown on the right side of the fluorescent dye molecules. Detection and collection of
emitted light(data) occurs at the plane represented by the vertical broken line. The detected
intensity of molecules (a) and (b) are the same despite their position in the sand.pack.44

3.2 Reflexive imaging system attenuation diagram. Excitation light is shown gmiefing arrows
originating at the light source. Emitted light is shown as rginting arrows terminating at
the plane ofight detection and data collection. The detected intensity (thinner arrow) of a dye
molecule deeper in the pack (a) is less bright than the detected intensity (thicker arrow) of a
dye molecule closer to the active surface (B)........ccoooviiiiiiii e 45

3.3 Intensity of emitted light reaching imaging detector in two system configurations. Light
intensity collected from molecules as a function of depthaiswlated for the two
configurations according to Beer's Law. Calculated light intensity usingriggtsmission (open
diamonds) is constant with depth. Calculated light intensity using light reflection (closed
diamonds) declines logarithmically with d@pt...............ooormririri e, 46

3.4  Optical properties of components used to determine water content. The dotted curve is the
spectrum of light emitted byhe 630nm LED. Spectra are shown in terms of percent light
intensity as a function of wavelength. The vertical black line represents the wavelengtff cut
imposed on the 630nm LEDs by the lguass filters. The rigkpointing triangle indicates that
wavekngths longer than 630nm are allowed to pass through the filter and penetrate the
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3.5 Excitation (closed starghd emission (open stars) curves for red fluorescent colloids from
manufacturer's data plotted as percent maximum intensity. The heavy arrow between plots
designates the width of the Stoke's shift between maximum excitation and emission....51

3.6  Spectrofluorometer scan of fﬂpm red fluorescent colloids in RO water excited at 580nm. The
primary peak is the excitation spectrum refiimg off the colloidal particles. The secondary
peak, with maximum at 601nm, is the emission spectrum of the red fluorescent dye.....52

3.7 Excitation (closed stars) and emission (open stars) spectra for fluorescein dye (two on left) and
colloids (two on right). The distance between all peaks was maximized in dye selection to allow
for separation of fluorescein and colloid signasrtical black lines represent the excitation
(488 and 581nm) and emission (512 and 602nm) settings of the spectrofluorometer used to
further characterize the dye, and for-lime fluorescence breakthrough data collectian.....53
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3.8 Excitation spectra for the ligkitansmission system (closed stars). Spectral curves for three sets
of LEDsre shown in dashed lines. Black vertical lines show theffwtavelength for filters
used on LEDs. The colored triangles on these lines point to the side of the line on which
wavelengths are allowed to pass. Light is prevented from passing at wavedemgthe other
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3.9 Spectral plots of bandpass emission filters #D388B (a) and #D620/30m (b) fro@hroma
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3.10 Emission spectra (closed stars) for fluorescein (left) and colloids (right). Solid lines show
bandpass of emission filters used during collection of the fluorescein (left) and colloid (right)
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3.11 Reduction in noise in a 10mL, 2000ppm colloid plume by use of emission filter. Images were
taken with 1s exposure time and were medifilitered to remove noise and colorized for ease
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3.14 Lighttransmission system images shing attrition from the sand pack as a result of poor
function of the lower manifold (a) and an uneven margin as a result of poor upper mask (b).
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Examples of fluorescein bleeding. Images are from the same experiment with (a) having been
taken four daysprior to (b). Fluorescein bleeding upwards from the influent manifold during
upward water flow is apparent in (a) and (b). Also shown in (b) is fluorescein bleeding from the
sand surface likely generated by retention in the foam blocks used around the uppask for

light containment, and caused by downward water flow and radial dispersian............... 71

Mean image intensity (left axigp. exposure time is shown in closed symbols. Mean image
intensity normalized to exposure time (right axis) is shown as open symbols. Images were
collected on 2/26/07 of a static sand pack containing fluorescein and colloids at the end of a
calibration exgriment. Solid black lines are linear regression to the average of the 470 and 530
nm values for exposure time 0.1s (dashed line) and greater where image intensity is shown to
be linear (R=0.99, R=0.96) With €XPOSUIE tIMe.............cocevrirrrrrreererersreeeressresersesnnnnn T

Example of horizontal striping from coolant failure. Image (left) is of wedturated sand pack
collected with a Ehour exposure time using opticaéttings for colloid imaging (530nm). Zoom
(right) of boxed area shows strips of bright pixels caused by coolant failure..................75

Image processing protocol. Images (two dimensional arrays) are shown as boxes. Scalar values
are shown in bold. Operations are shown in italics or with symbols. The subsoefiers to the

image having been taken at a specific wavelength. The subgcriptfers to the dark image

having been collected with an emission filter matching the image that it is being used to

correct. The subscripEmefers to the actual concentrain image being specific to fluorescein
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Signalto-noise ratio for each of seven concentrations of fluores@eid colloids (a) plotted
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three times during a calibration experiment (2/25/09). The maximum value was calculated for
each image, and the mean and standard déwh were taken of the replicate maximum

values. SNR was calculated as the mean divided by the standard deviation. Bottom plots show
the mean of the three maximum processed intensity values for fluorescein (b) and colloids(c)

plotted with the standard deiation around that mean...........cccccccveeeviviicccciiiiieeeneeee e 9

Occlusion by fluorescein at?m)m. Images are processed intensity of émn plume during
acalibration experiment (12/03/07) in a saturated sand pack. Images are collected at 630nm
(a), 470nm (b) and 530nm (c) to view water content, fluorescein, and colloids respectively.
Matching transects show that emission from fluorescein (b) is blocked,teensmission of

light at 630nm (a). High concentration colloids (b) show little effect of occlusion on fluorescein
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Quantitative, MultiSpectral, Lighfransmission Imagiraf Colloid
Transportin Porous Media at the Meso Scale



Chapter One: Introduction

Colloids, particles smaller than ten microns in diameter, are important in groundwater hydrology and
contaminant transport due to their ubiquitous occurrence in the subsurfdeCarthy and Shevengll
1998] their effect on transport of contaminants that bind to their surfag€srapcioglu and Jiang

1993] and their alility to reduce permeability of aquifer materials through deposition to sediment
surfacedBlume et al.2002] Many microorganisms including some pathogens are also transported in
the subsurface as colloideg. Pang et al.2008] Study of colloid behawi in porous media in a
laboratory setting facilitates understanding of fundamental principles controlling colloid transport.
Methodologies used to studgolute and colloidransport throudh porous media are reviewed in

Chapter Twoof this thesis.

Researcton colloid transport has historically focused on column experiments that record
concentration as a function of time at the column outlet or at a few points along the column length
[eg.Grolimundet al., 1998] In recent years, visualiz@n has become an increasingly popular method
for identifying and quantifying the mechanisms controlling colloid transfEgtYoon eil., 2006]

Some methods allow microscopic observation of colloid interactions with surfaces over micron length
scales (i.e. the pore scalgy. Auset and Kelle2006;Li et al, 2006;Wan and Wilson1994a] Other
methods allow observation of colloid concentrations over centimeter length scales (i.e. the meso
scale) using-ray tomographyeg. DiCarlo et a].2006] MRI[eg.Baumann and Werth2005;

Sherwood et a].2003] epifluorescencdgeg. Bridge et al, 2006;Zhang and Wang2006] or light
transmissior[eg. Weisbrod et al.2003b] These mesgcale systems allow for evaluation of transport
behaviors that occur as a result of heterogeneities in the media and fluid distribution, which are

critical for accurately predicting transport at the field scale.

In the work presented here, the technical precision of a mesale lightransmission visualization

system[Weisbrod et al.2003b]Jwas improved Chapter Threg and calibratedhapter Fou) for use in



guantitative solte and colloid transport visualizat experiments in saturated porous medidépter
Fivg. Thegoal of this work was to improve tHight-transmission visualization system to allow for
guantification ofwater content, fluoresceioncentrationsand coloid concentrations, and detection
over abroad range of concentratiorfer more precise analysis of colloid transport behavidhe
capacity of this system to achieve these goals was demonstratadgeéries of experimentahere
one-dimensional and twalimensionafluorescein andtolloid transport vere visualizedand

quantified



Chapter Two: Literature Review

Visualization

Observation is critical to our understanding of the world. As a sense fundamental to human

experience, sight can aid researchergxploration of natural phenomendg&wing and Horton1999b]

Observation allows us to relate intuitively to our subject. Scientific visualization is a powerful tool for

attaining and assimilating informatidiEwing and Horton1999aKuester et aJ.2005] Visualizing

events occurring in a system otémest allows a more full understanding of collected dptg. Gao et

al., 2006] According to Friendlig008E. a5 F G YR AYF2NXIF GA2Y @GA&dz € AT |
guantitative and qualitative information, so that a viewer can settgras, trends or anomalies,

constancy or variation, in ways that other formgext and tables R2 y 20 | f f 2 6 ®¢ { dzLJLX S
point measurements with images creates a result that is more exact, complete, and compatible with

the full range of human compreheios styles. Data images also offer increased spéialporal

resolution, where expanded dimensions facilitate the breadth of understan@ggulligan et al.

2004] Many disciplines employ the use of a wide number of vigatbn techniques to address a vast

array of scientific questiongg. White et al, 1996]

Researchers are challenged to report what is happening below the surface, which they can not see
directly[Werth et al, 2010] Subsurface hydrology has benefited greatly from the use of advanced
imaging technologiefConrad et al.2002] Many hydrologic experiemts have been conducted where
high-resolution, quantitative visualization could have significantly aided understanding of targeted
guestiongeg. Bradford and Bettahar2006;Cumbie and McKay 999;Liu et al, 2002;Silliman et al.
2001} Since the late 1970s, the science of subsurface visualization has developed more powerful,
reliable, creative, and serisie technologies for monitoring and recording activity otherwise masked
beneath the surface of the earfliKeller and Ause®007] Prior to the development of sophisticated

technological capabilities, researchers devised simplified techniques to address questions about the



natural world[eg.Bouma et al. 1977] Medical science has led the way in developing imaging
technologiegReinecke et 11998]dating back to the 19 century[Deinert et al, 2001]. Several of
these techniques have been adapted to hydrologic applicatibiadl et al, 1997] thereby opening up
potential avenues for data collectidifhieme et al.2003] This chapter surveys the ways in which
visualization has been used in subsurface hydrology, and leads tousslizn of the particular

technique that is used in this work.

SubDisciplines

Visualization in subsurface hydrology can offer insight into a range edisalplines. These may be
grouped as: those that address the soil matrix or solid phase, thoseatithess the mobile phase,

those related to contamination, those related to other applied fields, and those that address
mathematical applications. The solid matrix has been addressed by visualization techniques in several
disciplinary areas. The ways imieh solids may be examined usingay microtomography have been
reviewed from the perspective of materials scieri§éock 1999] In geophysics, tomographgg.

Vinegar and Wellingtonl987]and phobgraphy[eg. Schincarigl1989]havebeen used to evaluate
multi-phase flow, sandstones have been probed for their transport cappegtyAuzerais et aJ.1996;
Spanne et a].1994] and fractured rock has been analyzed for its flow variation in response to heating
[Kneafsey and Pruesk998] In soil science, the solid matrix has been imaged for soil properties such
as bulk densityeg. Petrovic et al.1982] porosity[Gotz et al. 2002] the surface fractal dimension

[Dathe et al. 2001] hydraulic conductivitfjAnderson and Boumd973] and the penetratiorjTester

and Morris 1987]and transmission of light through various materials have been evalljsaddoli

et al,, 1990] Soil physics has utilized visualiaatto observe many phenomena, including lateral flow
[Sinai and Dirkser2006] tracer transport through structured soilslobles et al.2004] and the

relationship béween hydraulic properties and transpditasteel et a.2000]



The mobile phase of the subsurface may be approached from many perspectives. The physics of fluids
have been studiefeg. Khalili et al. 198; Khalili et al, 1999;0ates and Harvey2006] Vadosezone
phenomena such as wetting front instabil[gg. Mortensen et al.2001;Selker et a).1992cjand air
flow [Geistlinger et a).2009;Wong and Wibowp2000]have been directly observed. Petroleum
science has used direct observation technigegs Coles et a].1998;Kantzas et a).1992;Wellington
and Vinegar1987] Soil microbiology has found applications for various observation techniques
including fluoresence microscopjeg.Chen and Koopmai997;Li et al, 2004;Wan et al, 1994] and
magnetic resonance imaging (MRdy. Manz et al, 2003;0lson et al.2004;Potter et al, 1996]
Colloid science has used visualization techniques extensively to observe transport b@gvior
Sirivithayapakorn ad Keller 2003a;Smith et al. 2008;Steenhuis et gl2005;Wan and Wilson
1994a] A review of visualization techniquasedin experiments specific toolloid transport has

previously been preparefDchiai et al.2005]

Disciplines concerned with contamination in the subsurface have utilized direct observation to study
mass tansfer processefeg. Zinn et al, 2004] contaminant transporfeg. Rimmer et al. 1998;Werth

etal., 2010] and colloidfadlitated contaminant transporfeg.de Jonge et al2004ade Jonge et al.
2004b] Processes related to remediation have been analyegdChevalier and Peterseh999;

Conrad et a].2002;Jeong et a).2000] including those specific to bioremediatifeg. Huang et al.
2003;Shonnard et a].1994;Thullneret al,, 2002a] Other disciplines potentially related to subsurface
hydrology that have utilized visualization include agriculfieg Petersen et al.1997] industry[eg.
Sederman and GladdeR001;Seymour et al.2004] and chemical engineerirfjgg. Reinecke et al.
1998;Sederman et al.1997] Studies in rathematics make use of imaging data for mode[eg. Sun

et al,, 2001] and upscalinfeg. Wan et al, 1996]



Components

Many groundwater components are targeted by researchers using visualization techniques.
Characteristics of components may facilitateimpede detection by imaging. A survey of these
groundwater components is presented here, and organized as matrix, water, gas, other fluid,
fractional, organism, and process components. These are the targets of the visualization experiment,

and define he way in which researchers design and conduct experiments.

Matrix components targeted by visualization include porofety. Prado et al. 2009] pore structure
[eg.lassonov and TulleR010;Neethirajan and Jaya2008;Schena and Favrett@007] macropores
[eg.Booltink and Boum@al991;Bouma et al, 1977] fracturegeg. Detwiler et al, 1999]volume
[Macari et al, 1997] and interfacial arefeg. Culligan et al.2004;Niemet et al, 2002] Components
of the groundwater phase that have been targeted for direct observation include veateservative
dye[eg.Aeby et al. 1997;Forrer et al. 200(Q, and other solutegeg. Glass et aJ.1989a;Zhu et al.
2007;Zinn et al, 2004] The gas phase is a subsurface component that has been visyatiz€diser
et al,, 2000;Mumford et al, 2009b] Nonaqueousphase liquids (NAPL®&g. RangelGerman and
Kovscek2006;Schinariol, 1989] including Trichloroethylene (TCEY. Ferrand et al.1986] are

other fluid components, sometimes present in the subsurface, that have been imaged.

The colloidal fraction has been targeted in many imagixgeeiments[eg. Auset et al. 2005;
Sirivithayapakorn and Kelle2003a;Smith et al. 2008] some ultlizing natural colloidal materia[eg.
Lenhart and Saief2004] Microbial organisms have been observed both as colloidal compofemts
Sherwood et a].2003]and ashiofilms[eg. Seymour et a].2004] Processes such as colorimetric
reaction[Oates and Harvey006;Vanonmen et al, 1988]may also be the target of a visualization

experiment. This reaction serves as a proxy for observing fluid behavior.



Configurations

The target components enumerated above lend themselves to different techniques, and each
technique requires a certain physical configuration. Experiments aimed at observing groundwater
components have been conducted in various configurations and locagdgthsy in situor ex sity in
natural or artificial media, at scales ranging from microscopic to the field scale, and in two or three
dimensions. Multiple dimensions were implied earlier by Frief@i8]as a qualification of
visualization. Techniques such as gamawdiation, which fundamentally generate alldata stream
[eg.Oostrom et al. 1995] may be extended to multiple dimensiofeg. Dirksen and Hubed 978;
Oostrom et al.1997] Several methods generate tvebimensional (2D) imagdeg. Kechavarzi et al.
2000;Montemagno and Grayl995;Wan et al, 1996] Also a few methods generate three
dimensional (3D) datpeg. Kaiser et a].2000] These 3D images are often digitally sectioned to reveal

2D output, which is more amenable to visual interpretation.

In addition to the configuration of the data, the dimensionality of the subjethortant to consider.
There is discussideg. Cataniaet al., 2008;Reylea 1982;Simantiraki ¢ al., 2009]regardingthe

reduction of 3D model systems to nominally two dimensions; in this review, systems will be presented
based on the dimensionality asserted by the authors. There are many types of these nominally 2D
systemgeg. Chevalier and Peterseh999] Some researchers have created sirgylainthickness
models[eg. Ochiai et al.2010]in an attempt to reduce the third dimension more completely.

regards to data dimensionality, some systems are able to represénpcesses with 3D data
matrices[eg.Huang et al. 2008;Khalili et al, 1998;Sederman et al.1997] Others have developed

tools to take a 2D image from within a-B matrix{Chen and Wadal986]

Important in visualization is the sca¢ which the process takes place. A great deal of work has been
done at the poreor micro-scale[eg. Wan et al, 1996] Imaging these small systems is facilitated by

microscopy. Mesoor Darcyscale systems are on the order of decimeters, and have the capability



visualize processes that involve more compleaitg heterogeneities above that found at the pore
scale There are fewer of these mesgale systempgeg.Zhang and Wang006] due in part to
challenges involved with imaging and managing larger structures. There are also visualization
experiments thahave been conducted at the field scfbg. Petersen et al.1997] however, imaging

a natural, largescale system requires simplification or reduction in resolution. Constructing an
FNGAFAOALFE aFASER aol t Sé Y2 RiSétupNdelj adehlogiStizal &S NB

challengegSchwille 1988;Selkey 2010]

The setting of an experiment is an important piece of the system configuration. Many imaging
experiments involving natural media have been cortddmn coredeg. Majdalani et al, 2007;Soltani

et al,, 2010] Both thin sectiongeg.Hangen et al.2004;Hatano andBooltink 1992 1698hnd cross
sectiongeg. Seyfried and Rad 987 Vanderborght et a).2002b]of cores have also been imaged.
Some visualization experiments have been conducted on fractures, both npgr&dak et al,
2003]and artificialleg. Wan et al, 1996] Artificial pore networks or micromodels are commonly used
[eg.Auset and Kelle2006;Jia et al. 1999]due to their welldefined characteristics, including pore
structure and chemical surface properties. Transparent 3bbaw cells have also been used
extensively for almost 50 years as a simplified proxy for porous media in visualization expefegents
Oltean et al. 2004;Wooding 1963] Many experiments too, especially early soil science

investigations, have used soil profiles in the figdd. Ghodrati and Juryl990;Petersen et a/.1997]

Porous media, both natural and artificial, have been packed into a variety of cergdor
visualization. These include théhab chamberfeg. Glasset al.,1989c;Schroth et al.1998b] tanks
[eg.Konz et al.2008], flumes[eg. Kechavarzét al., 2000] columngeg. Baumann and Werth2005]
and capillary tubefOchiai et al. 2005] Natural media reported in the visualization literature include
chalk[eg.Polak et al. 2003;Zhu et al. 2007] sandstondeg. Vinegar and Wellington1987] sediment

[eg.Khalili et al, 1999] shale[eg. Cumbie and McKay999]and soilleg. Klauth et al, 2007] Artificial

AyiasS
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media thathave been used include delg. Baumann and Werth2005] glass beadkeg.Burns and
Zhang 1999;McNeil et al, 2006] idealzed sandGlasset al.,1989c;Schroth et aJ.1996] engineered
transparent soi[eg. Welker et al. 1999] and zeolitdeg. Kaiser et al.2000] Some researchers have
used experimental set ups with a configuratigopaopriate for visualization, without collecting the 2D

data[eg.Shonnard etl., 1994]

Aim

Each experiment addresses a hypotheaisd the information being pursued to address the
hypothesis is referred to here as the experimental aim. This survey of experimental aims is grouped by
physical quantities, spatial distributions, processes, moti@mameters, and mathematical
relationships. Examples of physical quantities evaluated through imaging include bulk ¢legsity
Garnier et al. 1998;Petrovic et al.1982] concentrationleg. Zhang and Wang2006] masdeg. Wang

et al,, 2008] and porosityeg. Wong and Wibowp2000 1814]Spatial distributions of media features
observed with visualization teclgues include interfacial ardag. Culligan et al.2004;Niemet et al,
2002]and pore structurdeg.Vogel and Roth2001] Fluid phase distributions that have been the aim
of visualization studies include saturatifgy. DiCarlo et al.2010] water film configuratiorjeg. Zevi

et al,, 2005] and dye tracer distributiofeg. Aeby et al.2001] Colloid related distributions that have
been imaged include particle flow patfeg. Baumann and Werth2004] and particle retentiorjeg.
Morales et al. 2009] Microberelated distributions that have been imaged include bacterial

distributions[eg. Yarwood et a.2002] and microhabitat§eg. Thieme et al.2003]

Hydrologic processes that have been the aim of imaging experiments include those related to fluid,
chemicals, colloids, and microbes. Fluid processes that baen evaluated include mixipeg.

Gramling et al.2002] drainaggvon Wandruska and Winefordet986] and displacemerieg. Jawitz

et al,, 1998] Chemical processes that have been evaluated include solubilifatiodia et al, 1999]

dissolution[eg. Brusseau et al2002] remediation[eg. Conrad et a].2002] diffusion[eg. Pobk et al,
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2003] and hydrodynamic dispersiqag. Theodoropoulou et 312003] Colloidal processes that have
been evaluated include depositigag. Amitay-Rosen et a).2005] releasdeg. Sirivithayapakorn and
Keller 2003b] and size exclusideg. Sirivithayapakorn and Kelle2003a] Microbial processes that
have been evaluated include growfiag. Seymour et al.2007] diffusion[Olson et al.2005]
denitrification[Istok et al, 2007] methanogenesifeg. Ye et al. 2009] and biodegradatiofieg. Huang

et al,, 2003]

Fluid flow in porous media has been evaluated using imaging in experiments specific to lateral flow
[eg.Sinai and Dirkser2006]bypass floweg. Nobles et al.2004] fingered flowfeg. Glass et aJ.

1989b] fracture flow[eg.Loggia et al.2009] funneled flow along a capillary fringeg. Walter et al,
2000] gas floweg. Mumford et al, 2009a] multi-phase flowjeg. Kechavarzi et 312005] preferential
flow [DiCarlo et a], infiltration [eg. RangelGerman and KovsceR006] and imbibition[Weisbrod et

al., 2003a] Researchers have observed various types of particle motion, including trafsgpddates

et al,, 2005] mobilization[eg. Gao et al. 2006] trajectory[eg. Auset and Kelle2004] velocity[eg.
Baumann ad Werth 2005] microbial motilityjeg. Sherwood et aJ.2003] and migratiorjeg. Olson et

al., 2004]

Colloid transport peameters that have been determined via imaging methods include attachment
rates[eg.Baumann and Niessne2006] collision efficienc{eg.Baumann and Werth2005]
detachment rategeg. Smith et al, 2008] DerjaguirLandauVerweyOvebeek (DLVO) parametefsg.
Bridge et al.2007] filtration theory parametergeg. Baumann and Werth2004] removal efficiency
[eg.Crist et all, and residence timgeg. Auset and Kelle2004] Solute flow parameters that have
been determined via imaging methods include diffusijéy.de Jonge et gl12004b] dispersion
coefficient[eg. Gaganis et a).2005] and the solute mixing reginjeg. Aeby et al. 1997]
Mathematical relationships may be develapeia visualization. Many results from imaging studies

have been modelefeg. Kechavarzi et 312005;Rockhold eal., 2007]and precision of image data has
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been addressefeg. Detwiler et al, 1999] Hysteetic relationships have been defined using imaging
[eg.Hoa et al, 1977] as havearticle-surface interactiongeg. Wan and Wilson1994ajand velocity

profiles[eg. Gotz et al. 2002]

Control Variables

As inany scientific experiment, visualization of subsurface processes utilizes control variables to
address hypotheses. These control variables may be chemical in nature, sucfegsigdhart and
Saiers 2004]or ionic strengtHeg. Zevi et al. 2009 1739]Parameters may be physical, such as
boundary conditiongeg. Nicholl et al. 1994] heat[eg. Kneafsey and Prueskd98;0'Carroll and Sleep
2007] or pressurdeg. Sirivithayapakorn and Kelle2003a] Controls may be placed ¢ime colloidal
fraction e.g. colloid typgeg. Wan and Wilson1994a] input concentratior[eg. Klauth et al, 2007]
particle sizgdeg. Sirivithayapakorn and Kelle2003a] and particle surface characteristiegy. Chen

and Flury 2005;Crist et al. 2005] The fluid phase may be varied to affect a response as a function of
flow rate [eg. Wan and Tokunagal997] density or viscositfeg. Jawitz et al.1998] saturation level
[eg.Chen and Flun2005] or the transiency of infiltratiofleg. Auset et al. 2005;Gao et al, 2006]

The media may also be controlled by grain size or teXegeCrestana et al.1985] heterogeneity
[eg.Brussau et al, 2000] surface chemistrjeg.Johnson et al.1996] surface roughnegeg. Morales
et al, 2009] or pore structurdeg. Lanning and Ford2002] This sampling of control variables shows

the breadth of experimental possibilities even in systems simplified for direct observation.

Methods

Methods developed for acquisition of 2D or 3D data include fimraging techniques, photography,
gamma ray techniques-pdy techniques, positron emission techniques, magnetic resonance imaging,
and optical imaging. There are advantages and challenges with eachsef itrethods, as well as
resolution and detection limits. Nemaging visualization techniques include tracifegs Jawitz et al.

1998;Nobles et al.2004;Schroth et a|.1995] tensiometer array$eg. DiCarlo et a].1999;Hoa et al,



13

1977] fiber opticseg. Ghodratj 1999;Ptak and SchmjdL996] and core stainfeg.Hatano et al,

1992] While these techniques may have the potential to generate spatial distributions of data
regarding subsurface properties, the data they producaguislitative in nature or lacks resolution. Still
photographgeg. Walter et al, 2000]Jand analog videfeg. Glass et aJ.1989d]have been used for

direct imaging, yet data lacks quantitative povegrrequires a digitization step for quantification.

Gamma ray probes have been used extensively to collect soil property point measurdatents
Baraaud et al, 1999;Hopmans and Dand 986;00strom and Lenhard 998] Gamma probes have
also been used in transedisg. Istok et al, 2007]or arrayseg. Brusseau et g3l2000;Walker et al,
1998]to yield improved resolution, or in combination with scanning technology that generates data
with high spatial resolutiofieg. Dirksen 1978;Hsieh et a].1998] Computerassisted tomography (CT)
is a scanningnethod that has been used with gamma rays, as well as positron em[ggiatili et al,
1998]and Xrays, to generate 3D representations of hydrologic properties such as soil water content
[Hainsworth and Aylmorel 983] Xrays have been used with tomography both at the micro/pore
scale[eg. Clausnitzer and Hopman®000;Li et al, 2006]and the meso/Darcy scalJeg.Chen et al.
1996;Crestana et a).1985] Higher intensity sources such as synchrotrons have improved the
capability of Xay techniquegeg. Altman et al, 2005;DiCarlo et a].2006;Garnier et al. 1998;Liu et

al., 1993;Wildenschild et a).2002; 2005] MRI has also been used to generate 3D repred®ns of
static[eg.Hall et al, 1997]and dynamideg. Chen et aJ.2002]hydrologic phenmena at the meso

scale[Baumann and Werth2005]and the pore scalfeg. Ciobanu et a).2002]

When three dimensions and opaque media are not central to the aim of the study, visible light
(optical) techniques in two dimensions offer an affordable andssible means of addressing
scientific questions. For small systems, microscopy has been extensively utilized to address such
phenomena as distribution of colloifeg. Wan and Tokunaga?005;Zevi et al. 2005]and dispersion

of bacteria[eg. Lanning and Ford®2002] Chargecoupled device (CCD) cameras have been used
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without the aid of microscopy to capture processes such as solute dispggiendoropoulou et al.
2003] oil migration[eg.Loggia et al.2009] and biodegradatioffieg. Huang et al. 2003]

Experimental configurations may even allow for a combination of micro and meso scale ifeaging
Yoon et al.2006] Some optical imaging systems target fluorescent probes to capitalize on the light
transmission capacity of translucent mediéay. Yoon et al.2006] Fluorescence imaging may be
conducted using various spectra of light including vidédeCrist etal., 2004]and ultra violet (UV)

[eg.Dunn et al. 2005]

The experimental system presented in this thesis is designed primarily to address questions pertaining
to fluid physics and colloid science, yet the experimental system has potential for application in
severalof the aforementioned areas of subsurface hydrology. The work here targets model colloids
and conservative dye tracer components of the groundwater system, and has the abilitysfar
observation in idealized media at the meso scale. Transport behavior of colloids over Darcy scale
heterogeneities was the aim of this work, and the system developed could be used to collect data to
demonstrate physical and chemical processes shown tonpeiitant at the pore scale and at the field
scale. Sand texture, pH, ionic strength, and colloid size are control variables that were used in this
system to address solute and colloid transport response. Fluorescence imaging is used here to detect
broad cacentration ranges of model tracers in porous media, with visible light being used to excite
tracer dye molecules. This work presents the largest quantitative, spéictral, fluorescence imaging
system with the largest range of detection as compared altiprevious studies to date. Evidence of

this claim is presented in the following section.

2-D MesaeScale Opticabystems

Many 2dimensionaimesoscale systems have been designed that utilize optical methods to collect
high-resolution data appropriate foimage processing and analysis. These systems may be described

in the context of their technological evolution, the research questions they were used to address, and
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the parameters that have been used to assert their usefulness. Those systems that aemilas to

the one developed in this work are presented here with analysis of their features. Specifically
addressed will be the dimensions of the experimental system, imaging hardware and resolution,
image processing protocol, and error analysis. Askwathin a research group evolves and technical
capabilities improve, the data tend to demonstrate improved resolution, sensitivity, and precision. The
primary measures of visualization capability are detection limits, sigrabise ratio, and resolution

When available, these measures will be presented as a means of comparing the capatility of

system to the work that has come before. This section will be presented with increasing relevance to
our system, and will conclude with a comparison of thamfitative power of those systems most

similar to ours.

NonQuantitative

Quantitative imaging is defined here as the use of digital images to quantify component properties
(e.g., concentrationqcross thespatial range of the collected data. Targeted comgat properties

vary according to the aim of the experiment. Image processing and calibration to known physical
values (eg. input concentration) are required to convert image intensities to targeted component
properties. There are a number of systems thate been developed that lack this quantitative power
yet offer much of the basic functionality of, and are thus relevant to, the system described in this

thesis.

Optical systems that generated qualitative 2D data include a very early one in Minnebat®, dyed
blobsof colored norwetting liquidwere imaged in 2 x 2 x15cm glass tubes packed with plastic beads
[Ng et al, 1978] At UC Berkeley, a 2D model wasstructed to observe the emplacement of
nonaqueous liquids in the vadose zdantazidou and Sitad993] Observations were recorded by
hand tracing. In Vermont, channel structure was imaged in a transparent replica of a natural fracture

[Brown et al, 1998] In the Netherlands, a 40 x 40 x 2.5cm tank was packed with silica sand and dyed
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LNAPL distributions were imaged with a dip@gamera[Wipfler et al, 2004] Qualitative image

contours were compared with those from model simulations. In Germany, a 79 x 14 x 1cm flow tank
was built and packed with glass beads or sand to visualize the degradation of contaminant plumes by
microorganismgBauer et al.2008] The use of resazurin in this system as an indicator of redox

processes was qualitatij@auer et al.2009a;Bauer et al. 2009b]

In Connecticut, an 86 x 72 x 2.5cm tank was packed with glass beads and illuminated from behind to
reveal a shadow graph of air flddi et al, 1993] Camera and video recordings were used to
qualitatively addrss air flow as a function of air injection pressure and grain size. A similar tank
measuring 90 x 90 x 2cm was used in Michigan to image air flow ifRBatetson et a).1999] This
experiment used a colorimetric reaction to observe the locations and geometry of airflow pathways,
and results were recorded by photography and acetsficings. The same system was used to study
the air-flow geometry during air sparging into fine grained sfRdterson et aJ.2001] and the effect

of air sparging on toluene reductigReterson et a].2000]

In Germany, extensive work was conducted on the qualitative imaging of chlorinated hydrocarbon
(CHC) transport under a variety of model conditif@shwille 1988] Glass columns (240cm i.d.,

100-200cm height) and a large trough (560 x 160 x 28cm) were packed with various grades of sand

and dyed CHCs were imaged. A lysimeter was made of glass and packed with gravel. It was imaged for
fluorescein and then CHC transport to comphath infiltration with transport, and results from

model sand with those from heterogeneous mastr CHC infiltration into 70ciigh model fractures

was imaged, and microscopic visualization in glass beads was also conducted.

A group at Auburn Universitystialized the transport of dense leachate plumes in J@wmbstrom et
al., 1992] This experiment used three caihers ranging in size from 80 x 40 x 5cm to 205 x 100 x 8cm
packed with glass beads or sand. Photographs of plumes marked by various types of dye were

interpreted qualitatively in conjunction with gamma radiation measurements of Nal concentrations.
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techniguegeg.Oostrom et al. 1998] but, a review was later prepared on intermedieteale

experiments, that also included optical saturation imadi@gstrom et al.2007]

Qollaboration between groups in New York and Montana resulted in digital imaging of a 12 x 8 x 1cm
reactor packed with glass beads for detection of biofilm growth and concomitant change in
hydrodynamicgSharp et al.1999] Image cross sections were analyzed. Digital time lapsgdasma

were collected of the same sized system, and used fixed diamond elements as a proxy for porous
media[Sharp et al.2005] Natural bioluminescence and dye tracer distributions were qualitatively

interpreted.

At Imperial College in London, immiscible displacememtyefl oil phase as a function of media
heterogeneity was photographed in a 56 x 10 x 0.6cm glass bead model, and diagrams drawn from the
photographs were presentefDawe et al. 1992] Flow variability in glass beads was examined via light
transmission imaging in 20 x 10 x 0.6cm pack as a function of bead surface wett@hilitgna and

Dawe 1996] Results were again siwa diagrammatically. This group also studied these rflulii

processes at the microscdlPawe et al. 2010]

Collaboration between researchers in Colorado and Denmark resulted in an observation of dye
through a 53cm long x 42cm soil moitlo[Wildenschild et al.1994] Stained soil slices were cubfn

the monolith and digitized for visualization of macropore structure. The Colorado research group then
used dual gamma spectroscopy to image NAPLs in a largef[illangasekare et al.1995a;

lllangasekare et a1.1995b] and a very large 2D tank was usedronvisualization experiments

[Barth et al, 2001a;Barth et al, 2001b] The Danish contingent used a 100 x 100 x 8cm
heterogeneoushpacked tank with both video and photographic equipment to qualitatively observe
dye transport through heterogeneous saf\ildenschild and Jensgh999] Xray tomography was

later used[Wildensclild et al, 2002;Wildenschild et al.2005]
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SemiQuantitative
This section presents those studies that generated 2D digital data that were processed to quantify

parameters in one dimension. These studies did not result in arrays that were quantéatves the

spatial extentof the data

In Switzerland, a quantitative imaging system was designed to count microspheres in fluid samples
[Niehren et al.1995] This system was smaltale and did not include porous media, but
demonstrates the technical imaging capabilities of this group. Tédgwed the use of MRI for
visualization of flow and transport in porous megizhen et al.2002] and MRI was used for
investigation of densityglependent flonOswald et al.2002] A CCD camera was used to collect
images of solute transport in 40 x 40cm fracture mod8is and KinzelbacR001] Solute transport

over the same fractures were imaged via ligtatnsmission with a CCD camera and images were
procesed to concentratiorjfLunati et al, 2003] Related work had been conducted on a 22 x 33cm
transparent replica of a natural rock fracture, where qualitative images were collected of dyed water
via light transmissiofiSu et al. 1999] And subsequently a study on a natural fracture utilized dyed

water and a video camera to observe preferential fl@u et al. 2003]

In this large Swiss research group, digital images were collected of microbial growth in 56 x 44 x 1cm
pack of glass beads using light transmis$idmullner et al.2002a] Brilliant Blue FCF dye was used as a
reference for glucose distribution and qualitative images were collected of water flow and biomass
distribution. Clogging was also visualized at the pore dddiallner et al.2002b] A review of flow

systems used for addressing bioclogging was compiledliner 2010b] which geerated some
dialogue[Baveye 2010;Thullner 2010a] A 38 x 60 x 0.6cm transparent cell packed with crushed,

fused silica glass was illuminated from behind, and images were taken of air chi¢oradset al.

2009]and media response to air injectigliong et al. 2010b]with a fast camera. The same cell was
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also packed with spherical glass beads and imaged to see the effect of air injection on grain packing

[Kong et al.2010a] Distributions across the spatial domain weia quantified.

In Alberta Canada, researchers used halogen light transmission through a @t8rkrglass bead pack

and a time lapse imaging and image processing technique to study and model diffusion mass transfer
of miscible oi[Hatiboglu and BabadaglR008] Pixel resolution was not reported. In this study, oil
saturation and displacement geometry were interpreted qualitatively, while the fractal dimension of
the displacement front was quantitatively deterngid by image analysis. These quantitative results

were compared with model predictions, but error in estimation was not reported. Light transmission
through a 5 x 5 x 0.3cm medgacked chamber resulted in images used qualitatively to explain results
from experiments on core samplgblatiboglu and BabadaglR2010a; b] The same quality camera as in
previous experiments was used, and details on image processing were not provided. Pore scale

visualizéion of gas injection into a fracture was also performed by this gf&rmnd Babadagl?010]

At Texas AR, video photography at two scales was used to image air bubble migration in 4cm i.d.
columns packed with glass beads to a height of 9{Rovsevelt and Corapciogli©998] Columns

were illuminated from behind with a fluorescent light source, and blue dye was used to accentuate
the contrast between wateand air. Image analysis was conducted to quantify bubble migration
velocity in one dimension; however quantitative mapping of the gas phase was not accomplished for

the full spatial extent of image data.

In France, two rouglvalled glass plates measuring 8 16cm were used to create a 1cm fracture
aperture through which dyed oil was imaged using a Hgsmission techniquf_oggia et al.2009]
A 12bit camera with 0.34mm/pixel resolution wased to measure aperture width and oil saturation,
but quantitative results were limited to representative dimensionless numbers. Light transmission
had also been used at UC Berkeley in an 8 x 7 x 2cm fracture model replicating natural rock to

qualitatively measure two phase flojPersoff and Pruesg995]
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In New York, a 17.8 x 12 x 2.9cm cell was packed with quartz sand of different grades and tracer
transport was observefNambi and Power2000;Powers et al.1998] These experiments were

aimed at quantifyindNAPL dissolution using effluent analysis, and visual observations aided in their
interpretation [Nambi and Power2003] A larger stainless steel tank (112 x 68 x 3cm)with a glass

front was packed with sand and imaged to reveal the spatial distohutf 0.1mg/L Oil Re®-dyed

gasoline and 0.05mg/L fluoresceityed ethanol in a simulated sgiMcDowell et al.2003;McDowell

and Powers2003] Bit depth and pixel resolution of the imaging hardware were not reported. Images

of the dyed gasoline phase were analyzed to quantify the size and the perimeter of the gasoline pool.
From these values, LNAPL saturation values were determined, but no 2D mapping of oil saturation was

produced.

Dye tracers and digital imaging technigues have been used extensively by a group in the United
Kingdom (UKMooney et al, 1999;Mooney and Nipattasuk2003;Mooney and Morris2008;Morris

and Mooney 2004] Images in these experiments were taken of exposed soil profiles illuminated by a
tungsten lamp; imges had a 0.2mm/pixel resolution, but their bit depth was not reported.
Concentration prediction from image processing was calibrated by destructive sarjipimgr et al,

2000} Images were processed for standardization and thresholding, but homogeneous illumination
was assumed. Results were used to quantify the average percentage dye cover for each soil type, but
did not generate quantitative maps of dye across the image donfaielated paper reviewed the

ways in which researchers had quantified the penetration of light througH Bediter and Morris

1987)
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vertical drain into media packed cylindg&elker et al. 1999] The dyed front was mapped by hand.
In related work, a group in New York state explored the range of transparent media for use in imaging

experimentgIskanderet al,, 2002;Sadek et a).2002] The consolidation and permeability of these
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media were studied using digital image correlation (DIC). The goal was to determine if the
geotechnical properties of the idealized media were similar to those of naturalkmilet al, 2003].

The DIC technique was tested for its accuracy in quantifying media defornj@tdek et a).2003]

and an adaptive cross correlation technique was devised to reduce esscxiated with DI{Liu and
Iskander 2004] The same technige was used to evaluate the modeling capacity of the transparent
media[Liu and Iskande2010] A spatial deformation experiment was run on these transparent media
using a packed 5 x 15 x 30cm tdidkander and Lil2010] The DIC technique was usedaim

experiment where a novel transparent porous medium (Aquabeadsater absorbing polymer) was
packed into a 40 x 14.7 x 2.8cm tank; the calibrated system was used to observe multiphdse flow
et al,, 2010] A fluorometer was used to develop a linear calibration relationship between
concentration and fluorescence over the red dye and OilReaxmncentration range-0.5¢g/L and ©
0.06g/L respectively; fluorescence was then shown to be proportional to imagesity. An it CCD
camera was used and the model was illuminated by a fluorescent light source from above at an angle
normal to the axis of imaging. Pixel resolution was not reported. A black curtain was used to reduce
light scattering, but optical filtes were not used to control light spectra. 2D contour maps were
presented representing five percentage levels of intensity in processed images, but maps of actual
predicted dye concentration were not developed. DIC was also used by a group in lllinaéntidyg
localized displacements in a 14 x 8 x 4cm sand packeldroeib et al. 1996;Harris et al. 1995;

Rechenmacher and Finn2004]

In Sweden, after an imaging experiment on dye transport in vertical field se¢Bensson et al.

2001] a comparison was made of the accuracy of dye concentration estimation from various image
processing techniqud$®ersson2005a] These techniques were tested on multiple soila itD x 5 x
2.5cm chamber illuminated at a 45° angle with halogen lamps, and imaged bliaQ@D camera;

pixel resolution was not reported. A calibration routine was used to generatgreenblue (RGB)

values to VitasyiBlau AE 85 dye concentrationagonship for several soil types over the
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concentration range {1.5g/L. Exposure time was varied, several methods of image processing were
compared, and optimized root mean square errors (RMSE) of dye concentration estimates ranged
from 0.075¢ 0.094g/L aross soil types, but no 2D maps of dye concentration were shown. A 100 x

100 x 0.03cm sand packed H&baw cell was also used to demonstrate accurate dye tracer prediction
by image processing and calibratifPersson et al2005] The same illumination and imaging set up

were used, andhere the reported pixel resolution was 0.6 x 0.6mm/pixel. Brilliant Blue dye
concentrations were calibrated to processed intensity over the dye concentration raqge4@/dm3,

with an overall RMSE of 0.057 g/arﬁ:oncentration maps across the cell werd presented. Surface

soil moisture of static samples was also determined in this laboratory as a function of soil or sand color

via image analysi$ersson2005b]

A group in Greece used a 100 x 120 x 2cm tank terebslyed NAPL distributions in variably

saturated sandSimantiraki et al.2009] Quantitative mapping of LNAPL saturatiaiséng 0.003%

Sudan 11l dye was achieved through image processing and calibration. A calibration relationship was
developed for each combination of two sand types and two LNAPL types using six levels of LNAPL
saturation. No camera specifications were repatt but images were processed to hsaturation

intensity (HSI) format and intensity values allowed for generation of LANPL movement profiles, where
color intensity is a linear function of LNAPL saturation. Profiles are mapped directly to LNAPL

saturationfor the final image in each experiment, yet no estimation of error in prediction was made.

An artificial model aquifer measuring 1400 x 50 x 13cm was built of steel and glass by a group in
Germany and used to visualize longitudinal mifihage et a).2004] and vertical transverse mixing in
guartz sandRahman et a).2005] Dye tracers illuminated with neon lights through the front glass
pane were images by a digital camera having a 0.6mm/pixel resolution. Camera bit depthtwas no
reported. Efforts were made to limit error from ambient light. Images were geometrically corrected

and color calibrated to Cochineal Red A dye concentration. A concentration of 0.3g/L dye was used for
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tracer experiments, and concentration profiles aregpented with associated model fit. Concentration
was not mapped quantitatively, but rather as the ratio of concentration to starting concentration; and
estimation of error comes only from the theoretical model rather from physical validation. Dispersion

coefficients were determined from the experiments.

A group in Canada utilized halogen light transmitted through a 50 x 60 x 1cm chamber packed with
glass beads to observe DNAPL fingering processes either bsnen2amera and then digitized, or by

a video canera connected directly to a HSmith and Zhang001;Zhang and Smit2001;Zhang and
Smith 2002] Finger velocities were quantified, but 2D DNAPL saturations were not mapped. Other
systems wee subsequently built in this laboratory to observe gas expansion due to NAPL partitioning.
One such system having dimensions 10 x 8 x 0.8cm, was packed with silica sand, illuminated with a
halogen bulb, and imaged with a CCD camera at a resolution ahtnd/pixel [Mumford et al,

2009a] Critical gas cluster length was quantified, but 2D quantitative maps were not presented. Two
other flow cells were built with dimensions 68 x 59 x Jémumford et al, 2009bJand 62 x 44 x 1cm
[Mumford et al, 2010] These cells both were packed with layers of glass beads and silica sand,
illuminated from behind by a fluorescent light bank, and inthggth two CCD camerasne at the

pore scale and one at the macro scale, with resolutions of 0.023 and 6/zmm respectively. Bit

depth of these cameras was not reported. Images were collected of the eepmtaged gas

saturation. Image processing ogmrted RGB values to grayscale, removed the background image, and
corrected for image alignment, but no attempt was made to generate quantitative 2D maps of

saturation[Mumford et al, 2009b]

A multinational team used a fluorescent black ligitaging system to quantify leaching of pyranine
dye in @ 19.6 x 7.1 x 1cm soil mono[iibuwig et al, 2008] This 12bit camera had a resolution of
O.25mnf/pixe| and dye concentration was calibrated from 5 to 40g/L. The imaged surfaces were soil

profiles or cores section faces, and thus dynamic flow behavior was not able tcsbesetl. Several
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members of this group used some of these image processing techniques to evaluate the relationship

between soil structure and water tracer transport parametfPsado et al. 2009]

In Quebec , Canada, an image processing technique was geddio determine chemical
concentration in a 15cm i.d. x 61cm length glass bead packed cylibdeg and Selvadura2006]
Concentration of sodium chloride acid red dye at the surface of the column was determined from
images of reflected light. The starting concentration was 1g/L, and image processing utilized a

calibration curve over theange 0¢ 1g/L. Error analysis was not conducted.

Quantitative, NoAFluorescent

The use of fluorescent tracers in scientific visualization creates a particular set of challenges and
advantagegPersson2005a)] Nonfluorescence imaging experiments resulting in quantitative data

arrayswill be presented in this section. The range of targets is broad, as are the range of imaging

geometries. Those systems using liglainsmission will be grouped together due to their closer

relevance to the system described in this thesis. Studies wdréen from this section as deemed

appropriate for the comparison of quantitative power presented able 2.1 Qualitative studies will

be included in this sectionwhes ( KS& KI @S LXF&SR + NB{S Ay | NBaSt

guantitative systems.

A large group in Switzerland developed a technique used for many experiments over a seven year
period. Photographs were collected of dye mixing in sections of an 80athl& 12cm i.d. column
[Aeby et al. 1997] These color and nedmfrared images were of a static condition pasixing and

were processed and calibrated to dye concentration. Dissertations were written in this group
describing imaging of fluorescent trasdn field soil§Aeby 1998;Forrer 1997] Several quantitative
imaging experiments on tracer transport through soil profjlésby et al. 2001;Forrer et al, 1999;
Forrer et al. 2000]soil monolithgAlbrecht et al. 2003;Stadler et al.2000]and soil sections

[Vanderborght et a).2002a;Vanderborght et al.2002b;Weiler and Fluhler2004]were conducted.



25

Some of these studies utilized optical filters for control of light spectra, and profiles of relative dye
concentration with depth were presentddeby et al. 2001] A relagd group in Germany developed
an image processing protocol for the determination of colloid concentrations in column sections

[Klauth et al, 2007]

A sand tank was constructed by the Swiss group to compare laboratory results to field observations
[Ursino et al.2001a] The tank was 75 x 40 x 5¢cm, packed with a random layering of three textures of
sand, and illuminated by a xenon lamp. CCD images with a resolution of 225pi%eiatteollected

using an emission filter were processed to cortcation, and spatial moments of tracer plume were
calculated. Tracer dispersion was also addressed in this sykbeimo et al. 2001b] Image analysis

was improved for this system to correct for nrbomogeneous illuminatin from the 45° incident light,
and highresolution maps of material distribution were generatgimmi and Ursino2004] The 16

bit images were processed using segmentation to account for different sand textures, corrected for
inhomogeneity of illumination and reflection, and filtered to extract color features and reduce noise.
Calibration was conducted on 25 areas of the sand tank, and fractional comparisons were made

between estimated and designed material distributions.

This Svés system was also used to classify soil attrib[ltesino and Gimmi004]andto observe

solute mixindRossi et a).2007] In the solute mixing experiment, 0.5gAcid Yellow fluorescent dye
was applied as a point source, the dye was excited by optically filtered light from a xenon lamp, and
filtered light images were collected of dye emission by théit€CD camera. Images had a pixel
resolution of 0.004cﬁlpixel, and were processed to dye concentration from intensity using a power
law relationship, and by correcting for nonuniform illumination and optical spatial variations. The
method of moments was used to track plume evolution. Concentration maps were netiue and
mass balance was not conducted as a means of estimation validation. These solute dilution results

were also modelediRossi et a).2008] The PI from the above efforts was also involved in imaging
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experiments addressing the effect of water saturation on radiative trar{§amninger et al. 2005]
and tracer fluorescenciBanninger et al.2006]in a 6 x 6¢cm flow cell of varying thickness using a

beam tracing mod€lBanninger 2004]

Before joiningagroupy hy i NA 2 / [ROg4]irRaged peichidrdetNyieRef(RCE) infiltration

into silica sand using a digital camera. The study was not quantitative and images captured oil present
only on the imaging surface of the 31 x 38 x 1.7cm sand pack. Later a quantitatisealigmission

imagirg system was developed using a 55 x 45 x 1.3cm chamber packed with silica sand, a CCD
camera, an emission filter on the camera lens, and an image processing protocol. Bit depth and pixel
resolution of the camera were not provided. This system was usetlitty NAPL displacement

[O'Caroll and Sleep2007]and flow alteration resulting from biofilm growttye et al. 2009] In the

NAPL study, the NAPL was dyed with Sudan Ill, and images were processed to NAPL saturation using a
normalized light intensity correlatiofNiemet and Selke2001]adapted to a multiphase system. A
calibration curve relatin@lAPL concentration to image intensity was generated for the system, but
details of the concentration range utilized were not presented. The accuracy of NAPL saturations at
each pixel could not be quantified. In the biofilm study, gas formation, migratidndéstribution were
observed. Water saturation was estimated through correlation to normalized light intelfigynet

and Selker2001] and 2D quantitative maps of liquid saturation across the spatial domain were
presented at multiple time steps, yet validation of the image based estimates was not addressed.
Tracer tests using Rhodamine WT (RWT) and fluoride were also conducted in this study, but dye

concentrations were not quantified.

A group at Auburn University packed chambers (each slightly different dimensions, but roughly 50 x 30
x 2cm) with glass beads and usedigital camera to image salt water intrusiffgoswami and
Clement 2007] nanopatrticle transporfKanel et al.2008] and fluid mixingAbarca and Clement

2009] This group also developed an error estimation techeifpr measurements obtained from
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image analysifGoswami et aJ.2009] This effort included a simulation component as well as an
experimental component conducted in a 23 x 20 x 1.2cm glass bead packed chamber, and imaged by
an 8bit CCD camera with a 0.027rfipixel resolution. Red dye solutions with concentration ranging
from 0.1- 5mL/L were illuminated from behind with a fluorescent light source and imaged to generate
a calibration relationship between concentration and image intensity. Images were prodessed
cropping and using a median filter. Calibration was possibleairdgncentrations less than 4rfg

due to limits of the imaging system sensitivity. A povwaw function was determined to best fit the
calibration curve, and quantitative maps of dyetdisution were presented. Error in concentration

was estimated through an image analysis approach. This analysis was broken into error caused by the
calibration relationship and error caused by noise, and a relationship to concentration was presented
for each. The total fractional error with respect to concentration determined by this method ranged
between 15¢ 30%. Error estimation determined by mass balance ranged between12%. It is
therefore asserted that use of mass balance for error estimatiary underrepresent actual error,

and image analysis estimates should be used.

A group based at Massachusetts Institute of Technology used adigtsmission technique with
image processing and calibration to quantify a number of processes in threeediffthambers. A 36
x 5.5 x 1.8cm chamber packed with cryolite sand was used to generate reactive transport data for
comparison with model predictiorf&ramling et al. 2002] Reactive microbial transport in a 30 x 6 x
1.9cm chamber packed with the same type of media was compared¢dneeptual mode]Oates et

al., 2005] A 40 x 20 x 0.6cm chamber was packed with glass beads and imaged witit agiviera to
visualize and quantify solute transport and mass tranpZ@émn et al, 2004] and fluid mixing as
detected by a colorimetric reactid®ates and Harvey2006] Pore scale visualization was also
conducted by this groufeg. Yoon et al.2006] The solute transport and mass transfer stydnn et

al., 2004]utilized a fluorescent light source behind the chamber, and aicapfilter on the camera

which had a resolution of ~0.16nfpixel to image a starting concentration of 30mg/L FD&C Blue 1
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dye as it was flushed from the chamber down to a lower detection limit of ~0.3mg/L. Images were

processed to relative concentrationaps, but calibration and error estimates were not conducted.

The colorimetric reaction studyDates and Harvey006]imaged color change as a result of fluid

mixing with a resolution of ~0.1mf#pixel. Tiron and molybdate were the mixing species, and diffuse
white light was transmitted through the medium. Images were processed to normalized absorbance,
and those values werthen converted to concentration via a calibration curve generated for the range
0.05¢ 0.0375M (Tiron + Molybdate). Mass balance comparing inpgdicted to known injected

mass showed less than 3% error in prediction. Presented maps of fluid mixirsg #oeospatial

domain were quantified as a fraction of the maximum value, but not to actual concentration. Product

absorbances were recorded with a dynamic range over more than 1.5 orders of magnitude.

In Alberta, Canada, Schincaifit®89]pioneered much of the messcale visualization techniques in

use today. This thesiggject developed a photographic imaging system to observe DNAPL migration
ina 117 x 71 x 5cm tank packed with glass beads. The same system was used to address variable
density flow and mixingSchincariol and Schwart¥990] Some images from thiexperiment were

used to develop an image processing technifBehincariol et al.1993] The technique was tested on
an additional data set collected in Ohio using the original flow tank. Optical density of reflected light
versus dye concentration curves were generated over the rarRs@0Ing/L for five different grain

sizes of porous medidhe image processing technique was later improved in Ontario to

systematically address varying porous media properties or lighting cond[tibciseil et al, 2006]

A similar flow tank was built in Ontario Canada measuring 150 x 120 x 6¢cm and imaged on color slide
film [Vangeel and Syke$994] The slies were digitized and processed to obtain LNAPL saturations. A
tank similar to that of Schincariol et £.990]was also built in OhifSwartz 1993] packed with glass
beads, and imaged with time lapse photography. Images of the 183 x 61 x 10cm tank were digitized

and processed to evaluate mixing and instability development in varidasity system§Swartz and
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Schwartz 1998] The results of these experiments were laterdated[lbaraki et al, 2000] This tank
and method were also used to image tracer plumes in layered glass beads of varying perni&ability
and Schwartz1999] Processed images and calibration allowed for mapping of tracer concentration
distributions. The same digital monitoring appch was used to observe potassium permanganate
concentration in test tubefSeol et al.2001]and tracer transport through a transparent ftace

network [Kim et al, 2006]

The tracer plume studyy¥u and SchwartA999)imaged Rhodmine dye through the glass wall of the
tank and processed images using a calibration curve generated over the rgriggrty/L. Though
Rhodamine does fluoresce, it was used in these experiments at bigletrations without the use of
optical filter, and thus it will be categorized with the nfilnorescence experiments. The photographic
negatives were digitized to-Bits with a resolution of 200dpi. The relationship between optical density
and pixel vale was fitted with a secondrder polynomial function, and optical density was related to
dye concentration by a thirdrder polynomial function. Maps of dye plumes were presented as

normalized concentration between®1, and no error analysis was reported

In the UK, photographs were collected of dye flow patterns through ballotini glass beads in a 15 x 19 x
1cm flow cell in response to temperature differentifiiéenand et al. 2003] These images eve

interpreted qualitatively. A 34 x 15 x 1cm pack of glass beads was illuminated from behind with a
projector and imaged and images were used to quantify the location of the fluid interface between

two mixing fluiddMenand and Woods2005] Images in this study had a resolution of 7pixels/mm (bit
depth was not reported), and were processed to red dye concentration, which was calibrated by a
linear relationship over the range 0.1 to 0.5g/L with a maximum error of 5%. Another experiment used
a 10 x 60 x 1cm cell packed with ballotini and saturated with saline soliMtendon and Woods

2007] Images wee collected of this cell as dyed fresh water was injected and flow proceeded



30

horizontally. Images were not processed, but image data on reaction front depth as a function of time

were used to validate the proposed gravilyiven flow model.

A group in Germany designed an imaging system for a 40 x 45 x 1.2cm tank packed with glass beads
and illuminated by an array of ligletmitting diodes (LEDs), where two CCD cameras were utilized to
capture gas flow phenomena at two spatial scdl@sistlinger et a).2006] Gasdflow was further

observed by oblique light reflection in this syst§@eistinger et al, 2009;Lazik et al.2008]with 12-

bit CCD resolution of 0.48mm/pixel and 12.7um/pixel for thergiew and detail cameras

respectively. Optical gas saturation was calibrated to the gravimetrical value by creating a linear
relationship between the two. The fit of this line to the data on a plot of optical estimation vs.

gravimetric estimation had an’R 0.991.

A group in France followed 2D experiments that used tensiometer and gamma radiation array
measurementgHoa et al, 1977]by designing a 2D system based on visible light transmifdias

1981] This system used a 15 x 5.5 x 1cm sand pack illuminated by an incandescent light, and a
photosensitive element. Calibration of light intensity to water content was based on light transmission
theory, and was accurate with a confidence level ofatge than 95%. Water content estimates from

this method were also compared favorably to estimates from the gamma ray absorption method.

A Danish group explored bioclogging in a 30 x 44 x 3.8cm safi§iidsgaard ad Engesgaard001]

Digital images were processed to dye concentration using a calibration routine, and showed an effect
of microbial growth on floWKildsgaard and Engesgaar2002] Brilliant Blue dye concentrations were
calibrated to processed image intensity over the rangel80mg/L and concentratiowas napped

over the spatial domain. Neitheamera specifications nor error analysis were reported. These
experimental results were used to validate a model developed by a Swiss group simulating the effect

of biomass growth on hydraulic propertigBrovelli et al. 2009]
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In Georgia, a lightransmission imaging system was built to quantify PCE saturation distributions in

150 x 48 x 1.4cm silica sand p@skchomeand Pennell2006] A fluorescent light source, Oil Reéd

dye, and a digital camera were used. Camera specifications were not provided. Images were processed
using hueNAPL calibration curve whose range was not stated, and obtained PCE volumestiiare wi

5% of the known applied. Maps of PCE distributions were presented. A similar study had been
conducted on a 64 x 40 x 1.2cm sand packed flow tank to investigate the effect of surfactants on the

distribution of PCERathfelder et al.2003]

At the EPA, a group used liginhinsmission visualization to study DNAPL saturation in 15 x 15 x 1.4cm
and 48 x 48 x 1.4cm sand packed champBob et al, 2008] Fluorescent tubes were used for
illumination, 16bit CCD camera was used for image capture with a resolution of Oz.&lilmt and

images were processed without the useaofalibration curve to quantify udyed PCE to a lower limit

of 0.025 saturation. PCE saturation estimates were compared to known values with a relationship
having R= 0.993. PCE dyed with Oil Radvas also quantified in these chambers, this time with th

use of a calibration curve. Thé fr this approach compared with known values was 0.999. Maps of

PCE saturation across the spatial domain were presented.

A group in Arizona used a 40 x 20 x 2.6cm flow chamber packed with sand and a light reflection
visualization techniquégDiFilippg 2008]to image TCE distributidiFilippo et al.2010] TCE was
dyed with 100mg/L Sudan IV. Mass balance analysis yielded volumes of immisciblieitioeidor

between 0 and 82%.

In Germany, an image processing protocol was developed to map solute concentrations in a 78 x 15 x
1.1cm glass bead packed chambaeger et a).2009] In this experiment, light transmission was used
and data was captured in RGB by the CCD camera. The camera had a resolution of Sefaggagix

the bit-depth was not reported. Acid Red 18 dye concentration was determined using a calibration
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relationship ranging from 0.6 100mg/L dye. Error in concentration prediction was within 5% of the

known applied value.

A group in the UK developedaultispectral image analysis method to quantify ragueous phase

liquid (LNAPL) flow in a 180 x 120 x 8cm flume packed with silicdlsecltavarzi et 312000] Images
were taken of reflected light from the illuminated sand surface with @it2ligital infrared camera.

An image processing protocolrcected for noise and imaging error and mass balance was conducted
to determine the overall error associated with the method. The same flume and image processing
technique were used to quantify and model LNAPL fléechavarzi et a12005] In this experiment,
water saturation and flid pressure were also measured using resistivity probes and tensiometers,
respectively. The technique was also used to evaluate the effect of Aieterogeneity on LNAPL
distribution in unsaturated sanfKechavarzi et 312008] The LNAPL was dyed with Oil Red O and a
linear calibration relationship was used to convert images from optical density to saturation. Error in

these image estimates was determined by mass balance, which averaged 8.7% over all experiments.

Research originad at Cornell University in New York State has led to considerable development of
nor-invasive imaging techniques. Theoretical discussions of wetting front instability were presented
[Glass et a).1989b;Hill and Parlangel972]accompanied by images from a method to observe finger
persistence over sand layers in an 80 x 30 X 1cm chafisss 1985] A slab chamber was built with
dimensions 100 x 30 x 1cm, packed with two layers of silica sand, and dyed infiltration events were
recorded with time lapse photographllass et a).1988] The collected images were then projected

to a screen and traced to acetate sheets, where qualitatiferences were made about wetting front
instability. Solute transport across layered sand was then observed via the same method in a 140 x 51
x 1cm chambefGlass et a).1989a] The experimental system was improved through a sand washing
and preparation step and by achieving homogeneous and dense sand packing. Finger flow was

observed using the same imaging metH@lass et a).198%]. The method was adapted to three
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dimensions to obtain wetting front instability results that were asserted to be applicable to the field
scale[Glass et a).1990] Columns were sectioned and dye stampatterns observed. A grid lysimeter

was also used to increase spatial resolution of data on solute tranffindreini and Steenhyi$990]

Qualitative observations that had been made with th® 2nethod were explained by a physically
based theory, and that theory was tested by an improved method usingtlightmissio{Glass et

al., 1989d] Based on the work of H§4977; 1981}elative moisture content was determined via
digitized images of fluorescent light travelling through the 80 x 50 x 1cm sand packed chamber.
Theoretical considerations of lightainsmission, and calibration to moisture content and matric
potential were discusse[Bell et al, 1990] This improved technique was used to study the effect of
hysteresis on finger floiLiu et al, 1991] The method was further improved by addition of miniature,
high-speed, planatensiometers for simultaneous measurement of matric potential during infiltration
into a 97 x 51 x 1cm sand packed chanflsaiker et a).1992a] These results were used in
conjunction with further studies to model andgxict finger moisture profilegSelker et al.1992b] 2D
(40 x 51 x 1cm) and 3D (40 x 30cm i.d.) sand packed columns were used with the developed methods

to evaluate the boundary conditions required for unstable wetti§glker et a).1992c]

A related study was conducted by researchers at , where a 30 x 5 x 0.2cm dry glass bead packed
chamber was illuminated from behind by a fluorescent light source and infiltration was imaged with a
video cassette recorddtu et al, 1994b] Inferences were made about infiltration and findkw, and
mesoscale observations were supported by microscopic images of finger tips. The same chamber and
method were used to compare capillary rise in porous media to that in simple cyliide&t al,

19944a]

Researchers at Cornell continued work with the light transmission system by measuring oil and water
content using hue variation of blue dye in a 57 x 51 x 1cm sand packed chigpalbeault et al,

1998] The accuracy of this technique was checked by mass balance and by comparison with
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synchrotron Xray measurements. The Cornell High Energy Synchrotron Source was also being used as
the sok visualization technique for other experiments within this gréeg. Rimmer et &, 1998]
Tensiometers were used with light transmission to acquire pressure and water content measurements
in a 55 x 30 x 1.2cm chamber, and address the development of preferential flow paths ifDgaado

et al,, 1999] Wetting and norwvetting fluids have been neguantitatively imagedn a 120 cm long x

2.5cm i.d. columifiChao et al.2000] Funneled flow mechanisms were evaluated in a 110 x 180 x 1cm
chamber using the same methg@alter et al, 2000] Here, a tensiometer array was installed along

the upper surface of a coarse inclusion in a fine matrix to determine hydrodynamic phenomena
occurring along the capillary diversion. Qil, water, and &itrithutions were quantified by light
transmission and a color CCD video camera in 55 x 45 fOammault & al., 2001]Jand 62 x 52 x 1cm
[Darnault et al, 2002]sand packed¢hambers. Results were validated byay measurements. A
fluorescent light source was used and RGB images were converted to HIS format before calibration
relationships were applied. Water content was related to hue, total liquid content (water + oil) was
related to intensity, as water was dyed blue with 28% CGuB@reement between image predictions
agreed with Xray validation to a standard deviation of 0.023 for water and 0.037 for oil. Microscopic

visualizations were also conducted by this gr¢Gpst et al. 2004;Crist et al. 2005;Gao et al. 2009]

Robert Glass, who did his graduate work at Cornell, continued his work onsoakovisualization in
his position at Sandia National Laboratory in New Mexico. He observed eplavity instablity in
non-horizontal fractures using a 61 x 31cm fracture plate, food coloring dye anebdrC&D camera
[Nicholl et al, 1994] This laboratory also usesray absorption for imaging, and the precision of the
two techniques was comparddidwell and Glass994] Xray absorption was used by this laboratory
to observe dye tracer distributions in a quartgeale replica of a Yucca Mountain emplacement drift
[Tidwell et al, 2003] Light transmission and a ‘b digital imaging system were used to quantify
entrapped phase dissolution within a 15 x 30cm fracture pj@tass and NichglL995] Mounting of

this system on a rotating stand allowed for evaluation of gravity driven fingering within totefea
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[Glass and NichgllL996] This system had a spatial resolution of 0.b&imixel. These fracture flow
experiments used a fluorescent light source, and the precision of the technique improved over time
[Detwiler et al, 1999] Gravitydestabilized fingering was also observed in a 26 x 60 x 1cmpsahed
chamber[Glass et a).2000] The 12 bit camera had a resolution of 0.25ffpixel, and images were
processed to saturation fields with a maximum nonwetting volume error of 12%. These results were
modeled[Glass et a).2001]as were those from the fracture plate experimefp@ass and Yarrington
2003] Dyed DNAPL migration wamaged in a 61 x 60 x 1cm sand filled chamber using light
transmissior{Conrad et a].2002] This study used a 4#it camera with a resolution of 0.36rrfmixel,

the DNAPL was dyed with Oil Red O, and confoundingriantade quantification of DNAPL saturation

untenable.

Collaborators of this group usedrXy transmission to collect data on solute transport through a 31 x
31 x 2.1cm slab of sandstofi€lise et al.2008] Visualization experiments were also conducted by this

group at the micro scalpMortensen et al.2001;Zhong et al.2001]

Quantitative Fluorescence Imaging

In Australia, a 120 x 118 x 5.3cm flow tank was packed with sand, enclosed in a dark curtain,
illuminated from above with fluorescent light, and imaged with a digital carf@irmamons et a|.

2002] The images were corrected for lighting nonuniformity as described by Schincaridl1&Gal],

but were not calibrated to concentration due to complex patterns in dye distribution. A 110 x 60 x 5cm
tank was later used by this group image fingering of saline solution marked by fluorescein dye in a
heterogeneous packing of lepermeability glass bead lenses in higgrmeability sandPost and
Simmons2010] Again no attempt was made to quantify dye concentration, but comparisons were
made tonumerical simulations. This experiment is included here to illustrate the challenge associated

with quantification of fluorescent tracers.
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A group in the UK developed a fluorescent UV imaging technique for viewing solute transport in an 18
x 28 x 1cm glasbead packed flow cdlHuang et al. 2002] A linear calibration function was

developed over the range ©400mg/L fluorescein to relate fluorescent intensity to fluorescein
concentration. Light transmission images were processed to relative ntmatien using this

relationship, but no maps of actual concentration were presented. The same system was used to
qguantify nonequilibrium partitioning tracer transpoftlones and Smitt2005] Here the NAPL phase

was dyed with acidified fluorescein dye and imaged by the CCD camera. Images were processed to
NAPL saturationsing nonrlinear calibration relationships over the tracer concentration range O

0.08g/L. No estimate of prediction error was presented. Similar chambers and the same method were
used to image dissolved oxygen generafibluang et al. 2003]as well as biodegradation processes
[Rees et a).2007]via an oxygessensitive fluorescent indicator. Fluorescein and oxygen distributions
were mapped spatially in the 16 x 12 x 3cm sand packed chamber imaged by[BR@Blgising linear
calibration functionover the range @ 8mg/L fluorescein and @ 7mg/L oxygen. Image estimations

were compared with model simulations. In the biodegradation stiRlses et aJ.2007]oxygen
concentrations in the range €10mg/L were mapped spatially from images of the fluorescent

Ru(phenCLO, tracer. Quantitative arrays were not presented.

A researcher at Notre Dame did extensive work using a large flow tank without the aid of visualization
[Dunn and Sillimar2003;Silliman et al.1987;Silliman and Simpsei987;Silliman 1995;Silliman et

al., 1998:Silliman, 2001 #26Yonimaging visualization via application of a curing resin to porous

media was accomplishg&illiman et al. 1994] Collaboration with a researcher in Israel later resulted

in direct observation of many intermediate scale experiments. Fluid flow at the capillary fringe was
photographed qualitatively in twtarge flow tanks (27 x 17 x 21cm and 100 x 13 x 8@8hinhan et

al., 2002] That study plus others used to study the capillary fringe were revigierkowitz et al.

2004] A 27 x 19 x 15cm chamber was later built and illuminated with UV light to image green

fluorescent protein (GFP) bacteria transport itihe capillary fringe from below the water tabjBunn
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et al,, 2005] Two additional large scale chambers (86 x 45 x 10cm and 213 x 65 x 10cm) were built to
observe dispersion in heterogeneous mefliavy and Berkowif2003]and the effect of air injection

on lateral flow{Dror et al, 2004]

An associated group based in the UK depetl a system for quantitative imaging of fluorescent

colloid and fluorescein transport in a 20 x 10 x 0.7cm chamber packed with quartfBsatgk et al.

2006] UV light was used for fluorescence excitation in a reflexive geometry, and imagsgirgcand
calibration yielded concentration detectiasf less tharix10°M fluorescein and in the range 2

200mg/L colloids. This system used abi8camera with a 0.5mﬁipixe| resolution. The mass

prediction at initial time for fluorescein was 74% of the known mass, and 87% for colloids. The same
chamber and technique were used to quantify pore saturation and colloid removal effidigridge

et al,, 2007] colloid mobilization and redeposition during draindgeidge et al. 2009] and microbial

transport[Bridge and Banwayt2009]

A group in New York&e designed an efluorescence imaging system with a 10 x 18 x 1cm flow cell
packed with quartz sand. Fluorescent colloids were excited with a halogen lamp and imaged with a 14
bit CCD camera with a 4X4®m pixel resolution to a detection limit of 2610 spheres/mL{Zhang

and Wang 2006] Mass recovery in transport experents was 93103%. The same system was used in
collaboration with researchers in Connecticut and Pennsylvania to observe solute mixing and plume

containment[Zhang et al.2009]

A group in Switzerland used a 158 x 60 x 4cm flow tank packbdwattextures of glass beads and
illuminated from above to quantify solute concentration with aldipdigital camergKonz et al.

2008] Reflection images were procesk and the image intensity to concentration relationship was
guantified. An error analysis was conducted for this technique, and the measurements were
compared to those attained via resistivity. A slightly larger tank (158 x 98 x 4cm) was built and used t

image variable density flow in heterogeneous media using the same quantitative imaging technique
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[Konz et a].2009c¢] These results were also compared with model simulations. Both flow tanks were
also used with the same imaging technique in a $qtavallel experiments comparing variable density
flow in two distinct layered media geometrifiSonz et al.2009b] This reflection technique was
compared to a light transmission method using the 4cm thick flow tank andloorescent dg, and

found to perform better with regard to light scattering effedionz et al.2009a]

Quantitative Fluorescence Imaging via Ligjhensmission

A group in Florida constructed a 61%381.5 cm chamber packed with silica sand to observe tracer
dye displacemenfJawitz et al. 1998] Observations in this early experiment were recorded as
digitized tracings. The same chamber was used to study NAPL distribsti@nbreakthrough curves;
direct observations were not maddawitz et al.2003] NAPL distributions in silicarshwere again
studied, but now digital images of the dye distribution in the chamber were collected and processed
to allow for semiquantitative interpretation of the NAPL architectufeure et al. 2006;Kaye et al.

2008] A light transmission visualization method using a fluorescent light source was then developed
to quantify dye concentration in a 30 x 20 x 1.7cm chamber packed withsslcHWang et al,

2008} Imaging was conducted in a darkened room to minimize light noise. Images frehit&£1©D
camera fitted with one of two banghss filters were processed to remove noise, and image intensity
was calibrated to Acid Blue 9 dye concentration over the range 3 to 30mg/L. Water phase dye was
correlated to PCE saturation, and PCE saturation distributions were mapped across the sfeattal e

of the images. Mass recovery from this imaging technique was greater than 95% for higher NAPL
saturations, and greater than 90% for the residual phase. Reactive tracer tests were conducted in both
of the above chambers, and the same method was useatjain map PCE saturations across the
spatial domairfChen and Jawit2008] DNAPL dissolution experiments were also conducted with a
similar method in the smaller of the two chambers, and the ratio of PCE mass estimated from image

analysis was between 89103% of the known injection amoufi€hen and Jawit2009]
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An ltalian group used a 20 x28 x1cm flow cell packed with glass beads, transmitted light excitation,
and aCCD camera to test the accuracy of image processing and calibration for titkestoactive
determination of fluorescein concentratid€atania et al.2008] Details of the method were

presented and compared with past effortsiatsitusolute mapping. Processing methodologies were
presented and a pixddy-pixel calibration was proposed as the requirement for removing nonuniform
illumination. The concentration range over which calibration was conducted védsn/L, within

which a linear redtionship was determined between concentration and intensity below 20mg/L. Error
analysis was conducted and asserted to be acceptable for the linear range of the calibration curve. In
subsequent experiments, image analysis was not used due to its assbitiateuraciefCatania and

Palading 2009]

After leaving Cornell, JohSelker and his group in Oregon continued efforts in visualization. LNAPL
distributions were observed via light transmission in a 50 x 60 x 0.95cm silica sand packed chamber
and traced on plastic film taped to the front glass pdi@hroth et a].1995] The same type of
experiment was also conducted for flow over textural interfag®shroth et al.1998ajand

accompanied by numerical simulatipBchroth et a].1998b] The silica sands used in these

experiments, as well as those to follow, were characterized in d&alfiroth et al.1996]

The light transmission system became quantitative with the use of a CCD camera to detect
bioluminescence in 75mL fléaced tissue culturflasksUesugi et al.2001] The power and potential
of the method were advanced by a physically based model and image processing protocol to
determine liquid saturation in porous media via light transmisgiemet and Selke2001] This
analysis was extended by quantification of 4jgsid interfacial area in a 45 x 45cm sand packed
chamber, his time using a bandpass filter on the CCD carjidi@met et al, 2002] The bandpass
filter controlled the chromatic range of quantification of liquid saturation in a saline imbibition

experiment[Weisbrod et al.2002] Water vapor transport associated with saline imbibition was
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qguantified over layers of differingaad gradegWeisbrod et al.2003a] Unstable fingering of saline
solutions at a rate faster than pure water was observed in a 65 x 50 x 1.3cm sand packed chamber
[Weisbrod et a].2004] Gas flow was quantified in a 50 x 50 x 1cm sand packed chamber using pH
indicator and a series of image prosag) steps relating dye color to distribution [Parker et al.

2006] Physically based models explaining the geometry of gas injection were compared to

experimental result§Selker et a.2007]

Bacterial growth was quantified via luminescence over faders of magnitude using the same
system[Yarwood et a].2002] Colonization dynamics of bacteria in this system were observed and
modeled[Rockhold et al.2007] And the effect of microbial growth on water flow and solute

transport were quantified using the addition of dye to trace flow pdtfiarwood et al.2006]

Transport of fluorescent colloids was observed in this system, using a gel filtertstoeettrol light

exciting the particlefWeisbrod et al.2003b] The technique used for observing fluorescent colloids in
this system was improved to reduce noise by matching high quality bandpass filters to the light source
[Kraft and Selker2005;Ochiai et al. 2006] These methods were further refined as presented in

Chapter Three of this thesis.
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Table2.1 Summary of statistics pertinent to imaging system performance. Works cited are those that
include quantification across the spatial domain.

Porous
Dimensions Media |lllumination Bit Resolution Component(s) Detection Prediction
Study (crn)a Type Geometry Depth {mrnzlpixell Targeted Range Error
Non-Fluorescence
O'Carrol and Sleep, 2007 o NAPL saturation
55x45x 1.3 sand transmission n/r n/r ) 0-1 n/r
Ye et al. 2009 water saturation
(|
Goswami et al., 2009 23x20x1.2 :e‘:;ss transmission 8 0.027 red food dye 0-4mg/L  15-30%
. glass o
Zinn etal., 2004 40x20x 0.6 beads transmission 14 0.16 FD&C Blue 1dye 0.3 - 30mg/L n/a
glass o colorimetric
QOates et al., 2006 40x 20x 0.6 transmission 14 0.1 i 0.05 - 0.038M <3%
beads reaction
glass ) :
Yu and Schwartz, 1999 183 x61x 10 beads n/a 8 200dpi Rhodamine dye 2-97mg/L n/a
Menand and Woods, glass
4 ran: ission n/r i .1-0.
2005 34x15x1 beads transmissiol / Tpix/mm red dye 0.1-0.5g/L %
Lazik et al., 2008 40x45x1.2 glass reflection 12 0.2 as saturatoion 0-1 :
Geistlinger et al., 2009 : beads 1.6x10™ B RT=0.991
Kildsgaard and
g 30x44x 3.8 sand n/a n/r n/r Brilliant Blue dye  0- 180mg/L n/r
Engesgaard, 2002
Suchomel and Pennell
2006 ' 150x48x14 sand  transmission  n/r n/r PCE saturation nfr <%
15x15x 1.4 o .
Bob et al., 2008 sand transmission 16 0.5 PCE saturation 0.025 - R®*=0.999
48x48x14
DiFilipo, 2008 ;
! ] !po 40x20x 2.6 sand reflection n/r n/r TCE saturation 0-1 0-82%
DiFilipo et al., 2010
glass . )
Jaeger et al., 2009 78x15x1.1 beads transmission  n/r Smp Acid Red 18dye  0.5- 100mg/L <5%
Kechavarzi et al., 2008 180x120x 8 sand reflection 12 n/r LNAPL saturation 0-1 8.7%
Glass et al., 2000 26x60x1 sand transmission 12 0.25 TCE saturation 0-1 <12%
oil saturation 0.023SD
D: It et al., 2002 62x52x1 d t issi 0-1
arnault et a X X sani ransmission nlr I"I/l' water saturation 0.037SD
Fluoresence
Bridge et al., 2006 fluorescein dye N 26%
'og 20x10x0.7 sand  reflection 8 0.5 i <10
Bridge et al., 2007 colloid 2-200mg/L 13%
colloid . o
Zhangand Wang, 2006  10x18x1  sand  reflection 14 ax10® . 2.5x10 <7%
concentration spheres/mL
Wang et al., 2008 30x20x1.7 sand transmission 16 n/r PCE saturation 0-1 <10%
Chen and Jawitz, 2009 ’ <11%
. glass o ’
Catania et al., 2008 20x28x1 beads transmission 10 n/r fluorescein dye 1-64mg/L R?*=0.87
Niemet and Selker, 2001 50x60x 1.3 sand transmission 14 1 water saturation 0-1 <2.3%
>0.01% solids
Weisbrod et al., 2003b 46x60x1 sand transmission 14 1 colloids n/a
(>100ppm})
Kraft and Selker, 2005 47x55x1 sand transmission 16 1 colloids >0.6ppm n/a
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Chapter ThreeSystem Design,dhstruction, and Operation

Objectives

The lighttransmission visualization systesmvanced in this work was originategt Hoa[1981]and
Glasq1989c; d]and developed byelke[1992a; 1992b; 1992cThe system was made quantitative

for determination of water content biNiemet[2001], Weisbrod2003b]adaptedthe system for
observation ofcolloid transportWhile qualitative observation of colloid trapsrt was demonstrated,
guantification of colloid concentration over the spatial domain was not achieved. Additionally, these
data were marked by optical noise which limited the detection of colloids to a concentration of
102ppm (0.02% solids). No ligltansmission system to date has been used to quantitatively observe
colloids, water tracer, and water content in the same experiment. In light of this history, the objectives

of the work presented in this thesigere four-fold.

1) Adaptthe systentor detection of multiple light spectra. The capability to image water content,
water tracer, and colloid concentration over time and space allows for study of a broad range of
colloid and solute transport phenomenaol®id behaviorcan thus be observed separatétpm fluid
flow. Few systems have matched visualization of fluorescent colloids with that of a catigerv

fluorescent solutdeg.Bridge et al.2006; 2007]

2) Expand the range afetection of solute and colloidoncentrations Extendirg the range of

detection is important for studying contaminant transport, for example, hesability to observe

dracet concentrationgn the parts per million (ppm) to parts per billion (ppb) rangeritical forthe
evaluation ofprocesseshat can limit successfulleanup of contaminated siteddowever, detection

of a tracer at low concentration is fundamentally limited by noise in the system. Enhancement of the

signatto-noiseratio allowed lower detection limits.
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3) Develop he abilityto use the systento quantify solute and colloid conadrations over the 54«
43cm spatial domain. Maps of concentration allow for comparison of experimental results to model
predictions. Image processing, system calibration, and application of calibratiotofumto image

data allow for concentration quantification over the spatial domain.

4) Use the system toluserve and quantify solute and colloid transport dynamics. Images collected of
one and two dimensional transport, under one and two dimensional flowaturated conditions
were analyzed for their transport characteristics. Addition of fiimough monitoring instruments in

the chamber effluentineO2 y G NA 6 dzi SR (2 (KS thadspditPhemdmend. o A £ A (&

LightTransmission Fundamentals

~ z i oA

Optical prindiJt S& dzaSR G2 RS&aA3dy GKawd &deaidsSy NS o61a&s
a ¢ PO -6 a 6]

where @) is the final intensity’O(-) is the incident intensity; is the absorption coefficient (ppih

cm'l), 0 is the concentration of the absorbing substance (ppamyd dis the path length (cmDeRose

and Kramer2005] In lighttransmission, light passes from one side of a plane of translucent medium
to the other. When fluorescent dye is present in the medium, the light may excite the fluoresgent d
molecules. Fluorescence emission then results. The intensity of that emission is collected by the

detector on the opposite side of the medium from the light source.

In lighttransmissiorsystems for imaging fluorescent dye in porous media, diagrammEdyure3.1,
molecules neathe light sourcga) are more highlgxcitedthan those far away (b), and emit more
light, but thelight they emit isattenuated more tha the weakly excited molecules far from the light
source. Therefore, the decreaseecitationintensityis balanced by thdecrease oémission
intensity for all particlesequally the sameBoth the excitation and emission are attenuated by solids

and fluids in the porous medium equally for all dye molecules, regardless of their position.

g2
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—————————— Glass Sheets —_“—h‘__—_l Data Collection

|

Porous Medium

Fluorescent Dye
Molecules

j—

Light Source

path length

Figure3.1 Lighttransmission imaging system attenuation diagrdrree hypothetical fluorescent dye
molecules are shown emplaced in a porous medium held between two glass sheets. Excitation light
from the light source is shown on the left side of the fluorescent dye molecules. Emission light is
shown on the right sidef the fluorescent dye molecules. Detection and collection of emitted light
(data) occurs at the plane represented by the vertical broken line. The detected intensity of molecules
(a) and (b) are the same despite their position in the sand pack.

This arragement is in contrast to reflexivigpe systems where light source and data collection are on
the same side of the mediufeg. Bridge et al.2006;Zhang and Wang2006] In these systems
(Figure3.2), dye moleculesear theilluminatedsurface(b) are excited more intensely and their
emission is denuated less than molecules far from the illuminated surfaceGansequentlydata

collectionin a reflexive system is biased with respect to sand pack depth
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Glass Sheet Data Collection

! l

Porous Medium

Fluorescent Dye
Molecules

Light Source

g

- depth
Figure3.2 Reflexivamagingsystem attenation diagramExcitation light is shown as lgfbinting
arrows originating at the light source. Emitted light is shown as-pginting arrows terminating at
the plane of light detection and data collectiofhe detected intensity (thinner arrow) of gel
moleculedeeper in the packa)isless bright than the detected intensity (thicker arrow) afye
moleculecloser to the active surfad@).

This principle can be demonstrated mathematically by comparing a plot of intensity vs. depth of a
hypotheticalmoleaile in the two system typesn transmission, the path length is fixed for all
molecules regardless of position. In reflection, the path length is twice the depth of the molecule in
the medium. The percent intensity as a function of depth in a 16deep sand pack is shown in
Figure3.3. Calculations use a given initial intengity 10,00@-), absorption coefficienk = 100 (pprit
cm’), molar concentratiort = 1(ppm), path lengtii= 1(cm), and the depth= 0.011 (cm). The
intensity of observed light is calculated for transmission and reflexive systems by Equations 2 and 3

respectively.

) Jpm @
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Figure3.3 Intensity ofemitted fluorescencaeachingimagingdetector in two system configurations.
Light intensity collectedrom moleculesas a function oflepth is calculated for the two configurations
according to Beer's Lawalculated lighintensity usinglight-transmission (open diamonds) is constant
with depth. Calculated lighintensity using light reflectior{closed diamondsjeclinesogarithmically
with depth.

LightTransmission System Components

Optical components of a fluorescence liglansmission imaging system include a translucent porous
medium, pore fluid, a light source, one or more fluorescent tracers (fluorescent dye molecules may be
in olution or contained within colloidal particleébat aresuspended in the pore fluid), a detector, an
enclosure curtain to isolate the system from ambient light, and a set of optical filters for control of
excitation and emission light frequencies. Eacimponent in the system carries with it a potential

source of optical noise or experimental error. These include media autofluorescence, fluid leakage,
chemical fluctuations affecting fluorescence intensity, variations in input intensity, degradation of the

dye molecule, thermal noise, background light leakage, and spectral overlap.



47

The porous medium itself may demonstrate fluorescent properties (autofluorescence). Determination
of signal contribution by the porous medium was accomplished by analysis ofa&teted without

added fluorescent solutes or colloids. These data were also compared with those collected of
illuminated craft paper, which is known to have an autofluorescence that far exceeds that of the
porous medium used in these experimefiilla, 1999] The minimal autofluorescence of the porous

medium was accounted for during data processing.

Creating a watetight seal around the porous medium is required for water saturated experiments.
Improper seal of the chamber can lead to flooding, asiogroper regulation of flow rates. Control of

the water table level inside the enclosed system requires exact matching of fluid inflow and outflow
rates. A system was devised to check the chamber seal before packing, and flow rates were logged by

change immass of fluid contained on a balance.

The chemistry of the fluid affects the fluorescence of the dye. The intensity of dye fluorescence varies
based partly on the pH of the solutigBiehl and Horchakorris, 1987;Smithand Pretorius2002]

The fluorescein molecule changes conformation with pH, and each form of the molecule has different
fluorescent propertiegDiehl and Markuszewski989;Klonis and Sawyet996] Maintaining constant

pH through use of a buffer solution eliminates this possible source of interferencalitgtabsolution

pH was verified through use of anline pH meter.

Variations in input light intensity may be caused by fluctuations in the power supply. This variation
was quantified by logging amperage and voltage generated by the power supphiroeeand shown

to be negligible.

Degradation of dye molecules may be caused by exposure to excitation light in a process called
photodegradationSong et al.1995] Dye photodegradation was quantified in controlled experiments

in aspectrofluorometer and in the lightansmission system. Reduction in emission intensity was
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observed over time and was modeled as first order decay. Correction for this loss of intensity was not

incorporated into data processing, and may account for rimaconcentration prediction.

Thermal noise is the generation of extraneous electrons on the imaging hardware as a function of chip
temperature. Electron accumulation increases with increased temperature. The CCD chip-s liquid
cooled to reduce thermal nise, but some noise will still be present in collected images. This noise was

removed in image processing.

Background leakage of ambient light can limit the ability to detect low levels of fluorescence in an
imaging system. An enclosure curtain was insthtb prohibit ambient light from entering the imaging
volume. Leakage into the enclosure was detected as intensity in images collected without system
illumination, and may be quantified in pixel intensity above that detected in a fully blackened

laboratoly. This leakage noise was also removed during image processing.

Selection of Optical Components

The components through which light must pass in the Hgaismission system are the light sources
themselves, the air of the laboratory, the glass sheets foah the walls of the chamber, the porous
medium, the fluid in the pores, and the lenses/filters on the camera. The fluid in the pore space may

be liquid and/or gas, and may contain solutes and/or colloids.

The glass sheets are tempered borosilicate tyaddass (ANSI Z971D84). The index of refraction of
this type of glass ranges from 1:8155 across the visible ran{eg. EFAlaily and Mohamed2003;

Tanio and Irie1994] The porous medium is crystalline quartz sand, which has an index of refract
near 1.55Haynes2011]and decreases as wavelength increases through the visible fatept

2002 pp 72343;Zhang and Wang?006] The pore fluid in this system is reverse osmosis (RO)wate
with or without phosphate buffer. Pure water has an index of refraction of 1.33 at 5§8taynes

2011] Potassium hydrogen phosphate and potassium dihyeinqghosphate were mixed to form the
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buffer at a concentration of 0.5M. These two constituents in solution have an index of refraction
ranging from 1.33 to 1.3fHaynes 2011] making their addition to the pore fluid inconsequential with

respect to optics.

In order to design a systelbmased on the detection ahultiple optical signalsat distinctlight
wavelengthghe spectralabsorption and emissioproperties ofeach componenat each wavelength

must be knownThese properties may be used to limit spectral overlap and thus reduce noise in each
signal. There are three signals to be detected with this system: water content, fluorescein
concentration, and colloid cwentration. The optical components associated with the detection of
each of these will be presented with a justification for their use based on compatibility with the other
optical components. Absorption and emission speetra characterized bthe wavekngth at which

light transmissions at half its maximum valaea unit termedthe full width at half maximunFWHM)

[Geller 2003]

The water content of the sand @etermined by the degree of light attenuation without the use of any
fluorophores. Because the index of refraction for a substance decreases as the wavelength of

penetrating light increases, a long wavelength signal will most efficiently penetrate the Adadg

wavelength, 630nm, lighe¢mitting diode (LED) was therefore used for detection of water content. This

LED emits light at a peak of 635nm with typical dominant light at 628nm and a FWHM of 23nm. The

range of this spectrum used in the system wastBohby use of a longass filter, where only

wavelengths greater than 630nm were allowed to pass. As a result, there was no effect of this light

source on fluorescence processes or data collection at wavelengths smaller than 630nm. These
sourcesarerefMB R (G2 & dconyYoé [ATKAG AyidiSyairidrasSa (NI ya
water content were collected with no filter on the camera. The spectral curve and demarcations

associated with detection of water content are showrFigure3.4.
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Figure3.4 Opticalproperties of components used to determimeter content.The dotted curve is the
spectrum of light emitted by the 630nm LEIhe pectrum isshown in terms of percent light intensity
as a function of wavelength. The vertical black line represents the wavelengtifdéotposed on the
630nm LEDs by the lofupssfilters. The righipointing triangle indicates that wavelengths longer than
630nm are allowed to pass through the filter and penetrate the porous medium.

Fluorescent dyes were used in this system for the detection of two distinct sigealste

concentraton and colloid concentration. The solute was dissolved directly into solution. The colloids

had fluorescent dye incorporated into them during manufacturing. Collecting data on both of these

signals over the same time allows comparison of colloid trangpditiid flow. Optical components

were selected to control the natural spectra of the selected solute and colloids, allowing for refined

detection of the two signals without optical interference or overlap.

RedFluoSpheres® polystyrene microsphdifdsleaular Probes B-13083, with a 1um diameter were

chosen as model colloids for this system. Thmposition of the red dyajectedinto these colloidss

not disclosedby the manufacture® ¢ KS {(i21SaQ aKAFG o0GKS RAFFSNBYyOS

wavelergth and the maximum emission wavelength) for the dye in these red fluorescent colloids is

larger than any of the other dye colors used in colloids by the manufacturer. This larger wavelength

gap between peaks increases the opportunity to choose optitatdiio both effectively excite the

dye l Y R
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AUNRY3 Ftdz2NBaOSyOS SyAraairzy

colloids is shown as the horizontal distance between the excitation (closed stars) and emission (open

5

4
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stars) peakdn Figure3.5. Also shown itfrigure3.5 are two fine dotted lines; these are the excitation
and emission wavelengths at which spectrofluorometer was set to colléiriérdata on fluorescent

intensity of collails in experimental effluent.

Figure3.5 Excitation (closed stars) and emission (open stars) ctiovesd fluorescent colloids from
manufacturer's data plotted as percent maximum intensity. The heavy apeiween plots
designates the width of the Stoke's shift between maximum excitation and emission.

The manufactureprovided thedatain Figure3.5. In order to increase certainty afpectral
characteristics, a spectrofluoragter was used to generate trepectral responsef the colloidsacross
the visible rangeln this scan, a cuvettled with colloid solutiorwas excited from 300nm to 700nm
at 10nm intervals.At each excitation, emission intensity valwesare recorded for all wavelengths
between 500 and 700nnA section was taken through the thremensional (excitation wavelength
emission wavelength, emission intensity) data where excitation was 58Bigur€3.6). The presence
of the primary peak at the excitation wavelengtiticates that the spectrofluorometer detects both
the colloid emission signal and the colloid excitation signal as it is reflected off of the cdiigiae
3.6 also shows the maximum emission from these colloids occurring at 601nm (at 14% the signal
strength of the reflected signalThis is thevavelength aound which the emission filtewascentered

to collect the maximum strength signal from the colloids.











































































































































































































































































































































































































































































